Unicellular organisms, such as the protozoan parasite Leishmania, can be stimulated to show some morphological and biochemical features characteristic of mammalian apoptosis. This study demonstrates that under a variety of stress conditions such as serum deprivation, heat shock and nitric oxide, cell death can be induced leading to genomic DNA fragmentation into oligonucleosomes. DNA fragmentation was observed, without induction, in the infectious stages of the parasite, and correlated with the presence of internucleosomal nuclease activity, visualisation of 45 to 59 kDa nucleases and detection of TUNEL-positive nuclei. DNA fragmentation was not dependent on active effector downstream caspases nor on the lysosomal cathepsin L-like enyzmes CPA and CPB. These data are consistent with the presence of a caspase-independent cell death mechanism in Leishmania, induced by stress and differentiation that differs significantly from metazoa.
Introduction
Apoptosis, or programmed cell death (PCD), is a suicidal pathway that has clear benefits for multicellular organisms, in eliminating cells which are damaged, infected, or are simply no longer required. Thus, in mammals, PCD is extremely important during development 1 and in immune system functions. 2, 3 In contrast to necrosis, cells that die by apoptosis are not lysed, but are eliminated by phagocytosis, thus preventing the development of an inflammatory response.
The benefits of PCD in unicellular organisms are less evident. There are, however, an increasing number of reports that describe that some unicellular organisms may also undergo PCD under certain conditions. 4 ± 6 The most studied systems are macronuclear elimination in the protozoa Tetrahymena thermophila 7 ± 12 and differentiation in the slime mold Dictyostelium discoideum. 13 ± 17 Features reminiscent of apoptosis were also observed in the dinoflagellate Peridinium gatunense 18 and a simple and ancestral PCD mechanism was suggested in bacterial populations (restriction-modification system). 5, 19, 20 The protozoan parasite Leishmania is a member of the order Kinetoplastida including also Trypanosoma species. It is the causative agent of one of the most important human parasitic disease, leishmaniasis, which may lead, according to the species, to self-healing cutaneous lesions, mucocutaneous lesions or fatal, generalised visceral infection. The promastigote form of the parasite, flagellated and extracellular, resides in the midgut of the insect vector, the female sandfly (Phlebotomus). It differentiates from a proliferating non-infectious procyclic to a non-dividing infectious metacyclic promastigote. Upon bloodmeal by the sandfly, the parasite infects the mammalian host macrophages and differentiates into amastigotes that can survive and divide in the macrophage phagolysosome.
Among the Kinetoplastida, several studies have shown that DNA laddering (although not very pronounced), chromatin compaction and membrane blebbing are found in dying procyclic forms of Trypanosoma brucei infecting tsetse flies, 21, 22 and in T. cruzi during the in vitro differentiation into trypomastigotes. 23 In T. brucei procyclic forms, similar morphological features of apoptosis could be induced, in vitro, with concanavalin A treatment, 24, 25 or under oxidative stress. 26 Additionally, Leishmania amazonensis promastigotes display DNA laddering and chromatin condensation in dense clusters (leading to the breakdown of the nuclear membrane) upon heat-shock, corresponding to classical features of PCD. 27 PCD could therefore be present during differentiation and stress, which are two important situations in the life cycle of trypanosomatids.
Very little is known about the pathways and the proteins implicated in this potential PCD process in unicellular organisms. Only recently, a few molecules have been implicated in PCD of protozoa and ciliates. In dying Trypanosoma cruzi epimastigotes, elongation factor 1-alpha was shown to relocalise from the cytoplasm into the nucleus 28 whereas in Trypanosoma brucei rhodesiense, prohibitin, an homologue of a mammalian protooncogene and RACK, a receptor for activated protein kinase C, were shown to be up-regulated in procyclic Trypanosoma induced to undergo cell death. 25, 29 In Tetrahymena and in Stylonychia, morphological changes and proteins possibly involved in programmed DNA degradation have been described. 8, 12, 30 However, none of these reports provide answers about the implicated pathways except in the case of death in Trypanosoma brucei, which was shown to be Ca 2+ -dependent when induced by reactive oxygen species (ROS). In this case, however, parasites expressing mouse Bcl-2 were not protected from ROS even though protection from mitochondrial dysfunction and ROS have been reported for mammalian cells. 26 Although no adaptor domains such as Death domains, DED, CARD or Pyrin have been found in any lower eukaryote, homologues of proteins implicated in the process of cell death, may exist in unicellular organisms. 31 ± 33 In two recent studies, 34, 35 cell death has been studied in more detail. Several cytoplasmic and nuclear features of apoptosis, such as mitochondrial transmembrane potential loss, cytochrome c release, nuclear condensation and fragmentation, were observed when staurosporine, a drug known to induce apoptosis in mammalian cells was used to stimulate cell death. 34 Using human isolated nuclei as targets, nuclear DNA degradation was observed when a staurosporine treated cytoplasmic extract of promastigotes was used. The DNA fragmentation was prevented in the presence of the inhibitor E64 suggesting that cytoplasmic extracts of staurosporine treated parasites contained cysteine proteases activity involved in the DNA fragmentation process. In a parallel study on Leishmania donovani, 35 similar evidence of cell death was obtained when parasites were treated with Pentostam or amphotericin B. Some features of PCD are reported such as nicked DNA in the nucleus, DNA fragmentation, mitochondrial transmembrane potential decrease and cleavage of the cell permease caspase specific substrate PhiPhiLux. Using specific inhibitors, evidence for the presence of caspase-like activity but not cathepsin or calpain was reported.
Although these recent reports provide some evidence of the existence of cell death in unicellular organisms that show some similarities to PCD, knowledge of the effector and regulatory molecules is still very limited. Clearly it is necessary to identify effector and regulatory molecules of cell death in Leishmania in order to distinguish between PCD and necrosis. The complete sequence of the Leishmania and Trypanosoma genomes and their functional analysis will be important in this regard. Identification of genes closely related to caspases, the metacaspases, 33 in the genome of Trypanosoma brucei may be a first step in this direction.
The frontier between necrosis and apoptosis is merging as it is further studied in various mammalian cell lines and a variety of organisms. Four patterns of death are emerging; apoptosis, which is caspase-dependent, apoptosis-like PCD, which is generally caspase-independent, necrosis-like PCD, which has some features of apoptosis and accidental necrosis. 36 In this work cell death in the human parasite Leishmania was investigated, especially during differentiation and stress/killing pathways. With the use of genomic DNA fragmentation studies, SDS ± DNA ± PAGE, DEVDase activity and TUNEL assays, it is demonstrated that Leishmania cell death shows some physical features associated with mammalian PCD, but that the pathways leading to death in Leishmania are certainly distinct.
Results

DNA laddering and nuclease activity in the infectious stages of Leishmania
Intact nuclei from different stages of the parasite life cycle were analyzed for chromatin compaction. Genomic DNA fragmentation into oligonucleosomes was visible in stationary phase promastigotes and especially in amastigotes from L. major ( Figure 1A , lanes 2 ± 3). It was not, however, detectable in proliferating, logarithmic phase promastigotes ( Figure 1 , lane 1). The same results were observed for L. mexicana promastigotes and amastigotes (data not shown). L. mexicana in vitro-differentiated amastigotes (or`axenics') also showed this type of DNA degradation ( Figure 1A , lane 4).
If genomic DNA is degraded in vivo, it should reflect the action of an intrinsic endonuclease from the parasite. To demonstrate this activity, nuclei preparations were incubated alone, without addition of any exogenous nuclease, under conditions that allowed micrococcal nuclease (MNase) digestion, for up to 30 min ( Figure 1B ). As expected, no DNA degradation was observed using logarithmic phase promastigote nuclei, even following 30 min incubation ( Figure 1B, lanes 1 ± 3) . At this stage, this absence of degradation was not due to a specific resistance of the chromatin, as the genomic DNA was efficiently fragmented into oligonucleosomes following addition of MNase under the same conditions ( Figure 1B , lanes 5 ± 6). When nuclei from stationary phase promastigotes ( Figure 1B , lanes 9 ± 11) or amastigotes (data not shown) were incubated alone (10 to 30 min), DNA degradation was further increased, resulting in a nucleosomal fragmentation pattern which was comparable to that obtained following MNase action (similar sizes of oligomers) ( Figure 1B, lanes 13 ± 14) . Identical results were obtained with L. mexicana (data not shown). These results indicate that the endonucleases responsible for DNA degradation are present and still active in the nuclei preparation of the infective stages of Leishmania.
As an initial attempt to examine in greater detail the activity of these endonucleases, the same experiment was performed following the removal or addition of divalent ions known to be involved in the activity of certain nucleases. Firstly, as for many other nucleases, MNase activity was blocked by the addition of EDTA, which chelates its necessary Ca 2+ or Mg 2+ cofactors, as demonstrated on intact nuclei ( Figure 1B, lane 7) . EDTA addition on intact, logarithmic phase nuclei did not show any effect ( Figure  1B , lane 4). When EDTA was added on stationary nuclei alone, the endogenous nuclease activity was not blocked, but in contrast was further increased, as revealed by strong nucleosomal degradation ( Figure 1B, lane 12) . When both MNase and EDTA were added to these nuclei, it lead to a fragmentation pattern which was comparable to the one observed with EDTA alone ( Figure 1B, lane 15) .
Similar experiments were subsequently performed on stationary phase nuclei, following the addition of different divalent ions. Without incubation, fragmentation was practically not detected. Only the kinetoplast minicircle DNA (ca 650 bp) is visible ( Figure 1C Figure 1C, lane 4) . The addition of the Ca 2+ -specific chelator EGTA had no strong effect, as expected ( Figure 1C, lane 7) . Not surprisingly, the addition of the reducing agent DTT was sufficient to destroy nuclease activity ( Figure 1C, lane 8) . Finally, Zn 2+ was able to totally block nucleosomal fragmentation ( Figure 1C , lane 5). As no classical cofactor appeared to be necessary for endogenous nuclease activity, the inhibitory effect of Zn 2+ could explain the surprising activation by EDTA, through chelating endogenous Zn 2+ present in the nuclei preparations. The effect of Zn 2+ addition on MNase activity was also examined. Under the same conditions, Zn 2+ addition ( Figure 1D , lane 3) also blocked the activity of MNase ( Figure 1D , lane 2) (see also intact DNA in Figure 1D , lane 1).
In vitro nuclease activity assay
A simple in vitro assay was developed to study the nuclease activity in Leishmania. Amastigote nuclear extracts, with high nuclease activity, were prepared by digesting the endogenous DNA from amastigote nuclei with MNase, followed by blocking of the exogenous MNase activity with EDTA. The nuclease activity of such amastigote nuclear extracts was then tested on a plasmid (pGEM-1), in the presence of EDTA to block MNase activity. A strong degradation of the plasmid by the endogenous nucleases was observed following 10 or 30 min of incubation ( Figure 2A , lanes 2 ± 3), when compared to the intact plasmid ( Figure 2A , lane 1). As expected, the degradation pattern in this case is smeary (not oligonucleosomal), as the plasmid used was`naked' (no chromatin structure; thus endonucleases cleave the plasmid at any site). Confirming previous results, the nuclease activity was also blocked by Zn 2+ addition prior to incubation ( Figure 2A , lane 4). The assay was repeated using logarithmic and stationary phase promastigote nuclear extracts. As expected, the results correlate with previous observations, which showed no nuclease activity in logarithmic phase promastigotes and weaker nuclease activity in stationary phase promastigotes as compared to amastigotes (data not shown). As found with other DNases, 10 min pre-incubation of the amastigote nuclear extract at 808C was sufficient to totally destroy the nuclease activity ( Figure 2B , lane 5), while heating for 2 min lead to a partial inhibition ( Figure 2B , lane 4).
To confirm that the nuclease activity from amastigote extracts was able to degrade intact chromatin structure into oligonucleosomes (endonuclease activity), an in vitro nuclease assay was also performed on logarithmic phase promastigote nuclei rather than plasmid DNA. Internucleosomal degradation was not visible in the nuclei alone ( Figure 2C , lane 1). Amastigote extract was able to provoke a progressive nucleosomal fragmentation of the intact chromatin following 10 and 30 min incubation ( Figure 2C , lanes 2 ± 3). This fragmentation was similar to that observed following digestion with the endonuclease MNase (see Figure 1B , lanes 5 ± 6). Lane 4 of Figure 2C indicates that the amastigote nuclear extract no longer contained endogenous DNA.
SDS ± DNA ± PAGE analysis
Parasitic nuclease(s) implicated in DNA fragmentation were visualised using SDS ± DNA ± PAGE. With this technique, incorporated DNA was used as a substrate for directly testing nuclease activity on gels. MNase was first loaded as a positive control and a 20 kDa activity band, whose presence is Ca 2+ -dependent, 37 was identified as expected ( Figure 
mexicana).
Considering that approximately five times the amount of stationary phase protein was required to obtain a level of activity comparable to the level of activity detected in Figure 2 The parasitic DNase activity is inhibited by Zn 2+ addition or heating. Amastigote nuclear extract was prepared by digesting endogenous DNA from the nuclei with MNase (under the conditions used for MNase assays). MNase was then blocked by the addition of 5 mM EDTA. One mg of the pGEM-1 plasmid (A,B) or 30 mg of log. promastigote nuclei (C) were incubated with 4 mg (A,B) or 15 mg (C) of nuclear extract at 308C with 5 mM EDTA. Following the incubation, DNA was extracted, precipitated and loaded on a 2% agarose gel. (A) Heat-inactivation. Before the 30 min incubation at 308C, the plasmid was linearised with BamHI (dig., lane 2), or the nuclear extract was incubated at 808C for 0, 2 or 10 min as indicated (lanes 3 ± 5). Lane 1 (7): pGEM-1 alone. (B) Zn 2+ inhibition. pGEM-1 was incubated with the nuclear extract for 10 or 30 min, with or without addition of 5 mM ZnCl 2 as indicated (lanes 2 ± 4). Lane 1 (7): pGEM-1 alone. (C) Intact chromatin digestion by amastigote nuclear extract. Logarithmic phase promastigote nuclei (nuclei) were incubated with amastigote nuclear extracts (nuclear extract) for the indicated times. Lane 4, amastigote nuclear extract alone Cell Death and Differentiation Cell death in Leishmania H Zangger et al amastigotes, we can estimate that five times less activity is present in stationary as compared to amastigote parasites ( Figure 3A , lanes 4 ± 5 for L. major, data not shown for L. mexicana). It is therefore likely that the nucleases visualized by SDS ± DNA ± PAGE were responsible for the DNA fragmentation and nuclease activity described. In support of this, the presence of the banding pattern for nuclease activity did not require the addition of divalent ions ( Figure 3B,C) , and the activity was destroyed by a 808C pre-incubation step (data not shown), as was previously observed in the DNA fragmentation assays.
Detection of TUNEL-positive nuclei
In addition to demonstrating DNA fragmentation and nuclease activity, it was important to analyze the localisation of this process. To this end, the TUNEL assay, which is routinely used to detect mammalian apoptotic cells, was employed. TUNEL-positive nuclei were not observed in logarithmic phase promastigotes, as expected due to the absence of DNA laddering at this stage. In stationary phase promastigote, a small percentage (1 ± 2%) of nuclei were stained ( Figure 4A ). This percentage increased to approximately 20 ± 30% in mouse lesion isolated-amastigotes ( Figure 4B ), correlating with the strong nucleosomal DNA fragmentation data previously observed ( Figure 1A , lane 3). Similar observations were seen for L. mexicana (data not shown). Immunofluorescence assays using an antibody directed against single-stranded DNA to detect apoptotic nuclei was also tested (Alexis). With this assay, a similar percentage of amastigote positive nuclei were observed (data not shown). Taken together, these results support the previous nuclease and DNA laddering observations and the apoptotic-like nature of this death process.
To confirm these results in a closer situation to in vivo infection, the TUNEL assay was performed on in vitro infected macrophages. In this assay, mouse bone marrow macrophages (BMM) were infected with L. major or L. mexicana stationary phase promastigotes. The reproducibility of this system was largely dependent on parasite infectivity, and on BMM phagocytic capacity and`health status'. Thus, the efficiency and the course of infection greatly varied, as was shown in three independent experiments (Table 1 ,`treatment'). Nevertheless, a small percentage (0.5 ± 5%) of TUNEL-positive amastigote nuclei were detected in each experiment (Table 1 and Figure  4C ,D). These data suggest that cell death leading to nucleosomal DNA fragmentation also occurs in infected macrophages.
DEVDase measurement in Leishmania
Following data obtained with the DNA fragmentation and TUNEL assays, it was important to determine whether the pathway leading to Leishmania cell death was similar to that as described for higher eukaryotes. As caspases are key enzymes in the apoptotic pathways (and especially the abundant caspase-3 for apoptotic nuclease activation), the presence of caspase-like activity in the parasites was examined. Using a fluorometric caspase-3-7 assay, cleavage of the caspase-3-7 synthetic substrate (DEVD-AMC) was observed by L. major amastigote cytoplasmic extracts ( Figure  5A ). This DEVDase activity could be inhibited by the addition Figure 5A ). Promastigote extracts did not show any activity. The amastigote DEVDase activity was not due to the presence of the abundant Leishmania cathepsin-like cysteine proteases (CPs), as the activity was not blocked by the addition of the CP specific inhibitor E-64 ( Figure 5B ). The activity was also not blocked by the presence of the serine and cysteine protease inhibitor leupeptin (data not shown). In addition, these inhibitors did not reduce the DEVDase activity of human apoptotic HEK293T cells ( Figure 5B ). However, as amastigotes were isolated from mouse lesions, it cannot be excluded that this apparent amastigote caspase activity was due to mouse caspase(s) contamination.
To resolve this issue, L. mexicana in vitro differentiated amastigotes (`axenics') were examined. L. mexicana axenic parasites, following 5 days of differentiation, showed no DEVDase activity, however, activity was present in L. mexicana amastigotes isolated from macrophages ( Figure  5C ), similar to that observed for L. major parasites ( Figure  5A ). If the axenic parasites are cultured for 10 days in the differentiation conditions they form large aggregates and die. This is supported by the strong DNA degradation observed in such`dying axenic parasites' (Figure 6 , lane 1) as compared to`healthy axenics' (following 5 days of differentiation), where DNA laddering was much weaker ( Figure 1A , lane 4). In 10 days axenics, DEVDase activity was detected ( Figure 5D ). This activity was inhibited by E-64, suggesting that it is due to cathepsin-like cysteine proteases and not caspases, which are insensitive to the inhibitor ( Figure 5B ). 38 In 10 days axenic parasites, the DEVDase activity is also inhibited by z-VAD ( Figure 5D ). The finding that the CPA and CPB double null mutant (Dcpa/cpb) 39 lacked DEVDase activity also supports the concept that the cleavage of DEVD substrate in the 10 days axenic sample is due to CPA or CPB activity ( Figure  5D ). Despite this difference, nuclei from both CP double knockout mutants and wild-type parasites showed no major difference in terms of DNA fragmentation ( Figure 6 ).
To investigate if DEVDase activity detected in the amastigote extract was due to contamination of preparations with mouse proteins, immunoblot analysis was performed. Comparable amounts, in regard to DEVDase activity, of A20 apoptotic mouse cells and amastigote cytoplasmic extracts were used for caspase-3 and 7 immunodetection. Active caspase-3 was detected in the A20 apoptotic cell positive control as evidenced by the presence of an 18 kDa protein ( Figure 7A , lane 1), but not in the amastigote extract ( Figure 7A, lanes 2 ± 5) . However, the active form of caspase-7, which also has DEVDase activity, was recognised by a specific antibody in amastigote extracts ( Figure 7B , lanes 5 ± 8), and also in the A20 control ( Figure 7B, lanes 1 ± 4) . The absence of mouse actin in the parasite extract served as a final control for general mouse protein contamination ( Figure 7C , lane 2). These results indicate that the DEVDase activity detected in mouse lesion-isolated amastigotes was likely to be due to the presence of mouse caspase-7 rather than a Leishmania caspase.
Induction of cell death in culture
The induction of cell death in Leishmania was first examined by the removal of serum from the culture media. The absence of serum caused a stress situation for the parasites, as observed by the increase in nucleosomal DNA fragmentation Figure 8A ) and axenics (data not shown). However, this increase in fragmentation was slow, as it took 2 days after serum removal to be efficient ( Figure 8A ). In the search for a more efficient cell death inducer, a short heat-shock treatment (10 min at 558C), which was recently described to provoke PCD in plants, 40 was investigated. The heat-shock method was tested on logarithmic phase promastigotes, which normally do not show DNA degradation ( Figure 8B , first lane). No effect was detected 1 h following heat-shock, however, nucleosomal fragmentation was already apparent at 4 h following heat-shock ( Figure 8B ). This effect was supported by a high percentage (about 30%) of parasites showing TUNELpositive staining of their nuclei ( Figure 9 ). Preincubation of the parasite cultures with the cathepsin and caspase inhibitors E-64 and z-VAD prior to heat-shock did not decrease the level of DNA fragmentation significantly (data not shown).
It was of interest to examine the effect of Nitric Oxide (NO) in culture, as it is one of the most significant mechanisms whereby macrophages kill the parasites in vivo. 41 An in vitro system designed to directly produce NO in promastigote cultures was used. 41 NO killing of logarithmic phase promastigotes also lead to DNA fragmentation into oligonucleosomes ( Figure 8C ). This effect of NO was confirmed in BMM in vitro infection experiments. Following macrophage stimulation by gammainterferon (g-IFN) and lipopolysaccharide (LPS), which induces NO production and consequent parasite killing, the amount of TUNEL-positive amastigotes was at least doubled in comparison to non-activated BMM (Table 1) . To reiterate, the percentage of TUNEL-positive parasites strongly varied between different experiments, but the increase of this percentage due to NO production was always present. These data suggest that NO also kills by a process leading to nucleosomal fragmentation, TUNEL staining and probable associated nuclease activity. Killing by NO production was used for ultrastructural analysis of the nucleus during the death process. As shown in Figure  10 , condensation of the chromatin can be observed after 1 h of incubation in NO. Fragmentation of the nucleus occurs in cells that do not show any evidence of membrane leakage, suggesting that TUNEL positive cells and consequently DNA fragmentation occurs early in the death process and not as a post-mortem event due to a necrotic phenomenon. Other morphological changes such as mitochondrial swelling and cytoplasmic vacuolation can be observed.
Finally, it was necessary to analyze the effect of necrosis on genomic DNA. To provoke necrosis, parasites were incubated in a low amount of TX-100 detergent, similar to that described for mammalian systems. 42 No nucleosome monomer is detected in the non-treated sample ( Figure  8D ). Nucleosomal fragmentation was visible following only 1 h of treatment ( Figure 8D ). After 2 h of treatment, a clear increase in the amount of the nucleosome monomer is visible. As previously observed, the kinetoplast minicircle DNA (ca 650 bp) is visible in most of the samples.
Discussion
In this study, oligonucleosomal DNA fragmentation was observed in the infective stages of the protozoan parasite Leishmania, particularly in the amastigote form. Oligonucleosomal DNA fragmentation represents a late event of this suicidal pathway leading to the passive release of DNA in the cytoplasm of apoptotic cells.
The degradation pattern observed in Leishmania correlates with the pattern obtained following chromatin digestion with MNase, indicating that the degradation results from the action of an endogenous site-unspecific endonuclease (like MNase), which cleaves in the internucleosomal regions of the chromatin. In association with DNA fragmentation, the presence of endonuclease activity, detection of TUNELpositive nuclei and identification of nucleases of approximately 45 ± 59 kDa, which are likely to be responsible for this degradation, were demonstrated. Classical cofactors of nucleases, such as Ca 2+ or Mg 2+ , were not required for the activity of these leishmanial nucleases, however the presence of Zn 2+ had an inhibitory effect. Zn 2+ -inhibition of apoptotic endonuclease activities was previously described in mammals. 43 ± 46 In this study, it was also shown that Zn 2+ was able to block MNase activity. None of the previous reports clearly demonstrate that Zn 2+ directly inhibits these endonuclease activities. It is possible that Zn 2+ acts on chromatin structure and the consequent accession of the chromatin to any endonuclease, rather than by directly inhibiting the activity of the enzyme, as previously proposed. The Leishmania nucleases that were detected in our assays migrate with higher molecular masses than most of the apoptotic nucleases described to date, such as CAD or DNase I and II. 48 There is only one report describing probable human apoptotic nucleases with similar sizes (42 ± 50 kDa), but with different properties (Ca 2+ /Mg 2+ -dependant nucleases). 49 Helicases have comparable molecular weights, and some might be implicated in the apoptotic process. 50 Interestingly, in the ciliates Tetrahymena and Stylonychia, two homologous nucleases (Pdd1p and Spdd1p, respectively), with a size of 54 kDa, were described as being implicated in the apoptotic-like degradation of the nuclei. 8, 30 To date, there has been no description of such nucleases in trypanosomatids. The only nuclease with similar size (although a bit smaller, 43 kDa) that was described in Leishmania is the surface 3'-nucleotidase/nuclease. 51 However, a direct comparison of the molecular masses of the different nucleases is difficult since in our assays, the samples were not heat-treated in order to maintain nuclease activity in the SDS ± DNA ± PAGE system. Cloning and characterization of the Leishmania nucleases should help solve this issue.
TUNEL-positive parasite nuclei were not only detected in dying promastigotes, axenics and amastigotes, but also during in vitro infection. The percentage of positive parasites was low, but in accordance with the fact that most of the parasites are normally not dying under such conditions. Nevertheless, this result is of importance, as it supports the previous nuclease and DNA degradation observations in a more natural situation, that is, during macrophage infection. More precisely, it suggests that the apoptosis-like features observed were not only found in in vitro cultured parasites, but also in amastigotes purified from mouse lesions.
In mammals caspases-3 and -7 have DEVDase activity. Such activity was not found in either stationary phase promastigotes or in 5 day axenic cultures of Leishmania, indicating that the activity is not required for nucleosomal DNA degradation. This was further supported when addition of the caspase inhibitor z-VAD in promastigote and axenic cultures had no effect on DNA fragmentation Figure 7 Presence of mouse caspase-7 in amastigote extracts. Presence of mouse caspase-3 (A), caspase-7 (B) and actin (C) were examined in amastigote cytoplasmic extracts and compared to apoptotic mouse A20 cells. DEVDase activity was measured in both extracts (data not shown) and comparable amounts (in terms of activity) were loaded on a 12.5% acrylamide gel. Five to 40 mg of protein was loaded for A20 extracts, and 25 to 200 mg for amastigote extracts as indicated (5 mg of A20 having the same DEVDase activity as 25 mg of amastigote). Full length (inactive) and cleaved (active) forms of caspases are shown (data not shown). In mouse lesion purified amastigotes, mouse caspase-7 was detected, and is likely to be responsible for the DEVDase activity observed. Its presence does not seem to be due to mouse protein contamination, which has been observed previously, 52 as neither mouse caspase-3 nor actin was detected in the purified amastigotes. Interestingly, in mammals it was proposed that active caspase-7 is translocated to the mitochondria and the microsomes following Fas stimulation. 53 Consequently, it is possible that, during Leishmania infection, active caspase-7 has access to parasites present in the macrophage phagolysosomes, thus explaining the results obtained in this study. Whether or not caspase-7 has any role in Leishmania cell death has yet to be determined.
The Leishmania cysteine proteases CPA or CPB, which belong to the papain-like class of cysteine, 54 could be responsible for the DEVDase activity detected in axenics, as revealed by the inhibition observed with the use of the CPs inhibitor E-64 and the analysis of wild-type and Dcpa/ cpb double null mutants. However, the known substrates of CPB are very different from DEVD, 55, 56 and other work has shown directly that DEVD is a poor substrate for recombinant CPB (SJ Sanderson, JC Mottram and GH Coombs, unpublished). It is thus possible that CPA, and not CPB, is responsible for the majority of the DEVDase activity Leishmania CPs are abundantly expressed at the amastigote stage of the parasite, and have been shown to be virulence determinants. 39, 57 Indeed, specific inhibition of cysteine proteases in situ using cell permeant diazomethylketones (Z-FA-DMK) reduced the infectivity of promastigotes Leishmania to macrophages by 80%. 58 Interestingly, mammalian cathepsins were observed to participate in the apoptotic cascade in certain systems, 38 ,59 ± 61 and the CP inhibitor E-64 was shown to block Peridinium PCD. 18 Nevertheless, in the work described here, the absence of CPA and CPB did not have a strong effect on the nucleosomal fragmentation of axenics. It could, however, be interesting to analyze if CPC, a cathepsin B-like cysteine protease described in Leishmania, 62 could have a role in this process.
In the search for inducers of cell death in Leishmania, it was observed that the removal of serum from the culture medium (similar to the mammalian situation) fulfilled this requirement. Other more efficient inducers were also identified. Heat-shock (as described in plants), 40 NO killing and finally detergent treatment, which normally mimics necrosis in mammals, all lead to oligonucleosomal DNA fragmentation. Thus, the death process in Leishmania could lead, in all cases, to DNA fragmentation into oligonucleosomes, and may be independent of a programmed and active pathway. Furthermore, when parasites are killed by NO, cytoplasmic vacuolation and mitochondrial swelling are observed. These morphological changes have been associated to necrosis and to an alternative nonapoptotic form of programmed cell death, paraptosis. 63 The observations in this work, together with other previous reports that support the existence of PCD in trypanosomatids based on morphological characteristics of mammalian apoptosis, 5,21 ± 23,25 must be interpreted with caution. Interestingly, two recent reports show that Leishmania treated with antimonials or hydrogen peroxide lead to some oligonucleosomal DNA fragmentation and TUNEL-staining in Leishmania. 64, 65 However, the implicated pathways could differ in these two systems, since their first results (using different protease inhibitors) suggest that caspase, calpain and CPs are not involved in the process of antimonial killing, 65 while caspase-like activity appeared to be important in hydrogen peroxide killing. 64 Further work will obviously be necessary to precisely dissect the cell death pathway(s) in Leishmania and to determine the contribution of various proteases.
We propose that the induction of cell death in Leishmania may function via the lysosome, thus provoking the rupture of the fragile membrane and consequent release of lysosomal enzymes, such as nucleases, into the cytoplasm and finally into the nuclei of the dying parasite. Because of the very low amount of chromatin compaction in trypanosomatids 66 in contrast to mammals, the release of these lysosomal nucleases could lead to strong and fast DNA degradation into oligonucleosomes. In this hypothesis, other lysosomal enzymes, and especially the abundant CPs 54 would be released into the cytoplasm. CPs could thus, on a mass scale, degrade cytoplasmic and nuclear proteins. Degradation of chromatin-associated proteins by CPs could, in particular, explain why the DNA fragmentation observed in wild-type axenics appeared more like a smear than that observed in wild-type promastigotes, or axenic Dcpa/cpb double null mutants (both contain a lower amount of CPs as compared to wild-type axenics). This hypothesis might be true for different stress stimuli, such as those tested in this study and possibly others, and also for`natural' death situations occurring in long-term, stationary cultures maintained in the same growth medium.
This proposed model would thus give an additional role for CPs in Leishmania, and provide one possible explanation for their striking abundance. In this model, CPs would degrade endogenous proteins following killing during infection. This would lead, by the additional action of macrophage cathepsins, to strong antigen processing in shorter fragments than usually produced by mammalian cathepsins alone. This in turn could diminish antigen presentation at the macrophage surface, which would aid survival and proliferation of the remaining parasites. The implication of this model could be of primary importance in early infection, where a significant proportion of promastigotes fail to differentiate and infect efficiently. Indeed, such a model is supported by previous reports demonstrating that CPB deficient parasites are less able to survive in mice macrophages than wild-type cells and cause a switch in the immune response inducing a protective phenotype. 39, 67 Generally, the existence of a specific cell death mechanism might be useful in the host to avoid an inflammatory response following stress-induced death of amastigotes and promastigotes.
Taken together, our results demonstrate that the death mechanism in Leishmania, and perhaps trypanosomatids in general, is quite different to mammals. However it is not possible to exclude the existence of PCD in these organisms. A more precise description of unicellular death would be informative in the understanding of how cell death has evolved in higher eukaryotes. From the data presented in this Figure 10 Ultrastructural analysis of L. major parasites in the absence or in the presence of NO. Parasites were incubated in the absence (A) or in the presence of NO for 1 h (B). Magnification 8'900X. Arrow points to intact nuclei. Solid arrowheads point to condensed nuclei and empty arrowheads point to kinetoplasts
Cell Death and Differentiation Cell death in Leishmania H Zangger et al work, we propose that cell death in Leishmania is not effected by classical apoptosis mechanisms. Rather, the mechanism of cell death could have developed in such a way that parasite killing during infection does not provoke an immune response in the host, thus facilitating further infection by the remaining parasites. The further study of the Leishmania death process will be of significance in the greater understanding of the interaction between the parasite and its host and also cell death mechanisms in general.
Materials and Methods
Parasites
Leishmania major MRHO/IR/75 and L. mexicana MNYC/BZ/62/M379 wild-type and Dcpa/cpb mutant 39 promastigotes were grown at 268C in Schneider's Drosophila medium (Bioconcept-Amimed), supplemented with 10% heat inactivated foetal calf serum (FCS, Seromed), 1.8 mg/ ml glutamine and 10 mg/ml gentamicin. Amastigotes were obtained from lesions in Swiss nude mice. 68 L. mexicana in vitro differentiated amastigote (axenic) parasites were obtained from stationary phase promastigotes diluted 10 times in the differentiation medium (Schneider's Drosophila Medium equilibrated at pH 5.5 with HCl and complemented with 20% FCS, 1.8 mg/ml glutamine and 10 mg/ml gentamicin), and incubated for 5 days at 338C. 39 Where indicated, parasites were maintained for a longer period in culture (usually 10 days).
DNA fragmentation and MNase digestion assays
Intact nuclei were prepared based on a modified protocol described previously for Trypanosoma brucei. 69 Briefly, following lysis of the cells in a cavitation chamber (under 23 bars of nitrogen), the pellet was washed, resuspended in the nuclei storage solution and stored at 7708C. Nuclei were incubated at 308C with or without 5 mU of MNase per mg of DNA (based on OD at 260 nm) in pH 7.4 nuclei storage buffer (340 mM sacharose, 0.1 mM EDTA, 60 mM KCl, 15 mM NaCl, 0.15 mM spermin, 0.15 mM spermidin, 15 mM Tris) supplemented with 1 mM CaCl 2 . 69 Digestion was blocked by the addition of 2.5 mM EDTA. DNA was extracted with phenol/chloroform and precipitated before loading on a 2% agarose gel. For cell death induction (except Figure 8A ), genomic DNA was directly extracted from the NP-40 nuclei pellet 70 resuspended in nuclei storage buffer.
Gel nuclease activity assay (SDS ± DNA ± PAGE)
Direct nuclease activity was observed using the SDS ± DNA ± PAGE technique as previously described. 45 Briefly, denatured herring sperm DNA was added in a 12.5% acrylamide separating gel. Following migration of the samples, the gel was washed in TEM (50 mM Tris, 1 mM EDTA, 2 mM MgCl 2 ) overnight, and nuclease activity was visualised by incubation at 378C in TEM with 1 mg/ml ethidium bromide and 2 mM CaCl 2 for MNase activity (Ca 2+ -dependent). For the parasitic nuclease activity assay, gels were usually incubated in TE and EtBr alone (without the addition of salt; the activity does not depend on the presence of Ca 2+ or Mg 2+ ).
DEVDase activity assay and immunoblotting
The caspase-3-7 substrate Ac-DEVD-AMC (Alexis 1 ) was used throughout. Rambo transfected human HEK293T cells 71 and FasL stimulated (10 ng/ml for 20 h) A20 mouse lymphoma cells were used as positive controls. Cytoplasmic extracts (NP-40 supernatant with 1 mM PMSF, 2 mg/ml leupeptin and 2 mg/ml pepstatin A, as described in 72 for mammalian cells and 70 for parasites) were incubated in CHAPS buffer 72 containing 30 mM Ac-DEVD-AMC. Fluorescence emission at 460 nm (excitation at 355 nm) was measured with a Fluoroskan II apparatus.
Immunoblotting was performed as previously described 70 using the following antibodies (1 : 1000 dilutions): anti-cleaved caspase-3 rabbit polyclonal antibody (New England Biolabs, 9661), anti-caspase-7 rabbit polyclonal antibody (New England Biolabs, 9492) and antiactin mouse monoclonal antibody (Bio-Science, 010056).
BMM in vitro infection and TUNEL assay
BMM were prepared, cultured and infected with L. major promastigotes as previously described. 73 Briefly, 10 5 BMM were distributed in 24-well cell culture plates, each well containing a round sterile glass coverslip, before infection (5 parasites per BMM). Where indicated, BMM were stimulated with 50 U ml 71 g-IFN and 10 ng ml 71 LPS. TUNEL assay (`Apoptosis detection system, Fluorescein', Promega) was performed as recommended by the manufacturer. TUNEL was directly performed on glass slides covered with BMM for in vitro infection studies. Parasites alone were first fixed for 25 min at 48C in a solution containing 4% paraformaldehyde and then spread on polylysine coated glass slides for 5 min before performing the TUNEL assay.
NO treatment and transmission electron microscopy
Promastigote parasites are resuspended into HBSS 16 (Hanks' balanced salt without phenol red, (Gibco BRL #14065-49) with NaHCO 3 (350 mg/l) pH 5. Parasite are incubated for 1 h in the absence or in the presence of 1 mM NaNO 2 (Merck, Catalog No. 6549), washed twice in PBS 16, extracted with lysis buffer (0.14 M NaCl, 1.5 mM MgCl 2 , 10 mM Tris HCl pH 8, 0.5% NP40) on ice and then centrifuged at 90006g. Phenol/chloroform extraction is performed twice on the pellet. The genomic DNA is treated with RNase (DNase free RNase, Roche) and visualised on a 2% agarose gel stained with ethidium bromide.
For transmission electron microscopy, control parasites and parasites exposed to NO for 1 h were fixed ON at 48C in 1.25% glutaraldehyde in 0.1 M cacodylate buffer followed by 1 h incubation in 2.45% glutaraldehyde, dehydrated with ethanol at room temperature and immersed in a 1 : 1 mixture of ethanol 100% and EPON. The samples were embedded in Epon by polymerisation at 608C for 2 days. Ultrastructure analysis was performed on a Philips EM 410 electron microscope.
